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Abstract: Fire is a critical issue for steel buildings and needs greater attention since it can cause loss of lives 
and property. When temperature increases, the mechanical properties of cold-formed steels deteriorate, 
resulting in loss of load bearing capacity of cold-formed steel members. Engineers and architects face 
considerable problems in using cold-formed steel members in structural applications because of the lack of 
knowledge and understanding of their behaviour at elevated temperatures and the lack of suitable design 
specifications for fire conditions. Therefore a research project was undertaken to investigate the flexural 
behaviour of cold-formed steel beams at elevated temperatures. A suitable finite element model was first 
developed to simulate the lateral-torsional buckling behaviour of commonly used cold-formed lipped C-
section steel beams at elevated temperatures. This paper presents the details of the finite element model used 
in this research project, and compares the finite element analysis results with the predictions from the 
currently available design rules. 
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1. INTRODUCTION 
Demand for cold-formed steel structures, especially for residential, industrial and commercial buildings, 
has increased significantly during the last few decades mainly due to its better qualities over other 
construction materials such as hot-rolled steel, wood and concrete. Buildings can catch fire accidentally or 
purposely which may cause heavy loss of lives and property. Therefore fire safety of cold-formed steel 
structures needs greater attention. To acquire the required fire resistance, the common practice is to provide 
external fire protection to the steel members in order to reduce the temperature increase when exposed to fire. 
However, this type of fire protection increases the cost of cold-formed steel buildings, which would affect the 
demand for such structures. Temperature increase in structural members due to fire exposure causes severe 
reduction of strength and stiffness which can lead to structural collapse. To ensure fire safety of structures, 
cold-formed steel members should be properly designed so that they can withstand unexpected fire situations. 
Engineers and architects face problems in using cold-formed steel members in structures because of lack of 
suitable design specifications for fire conditions.  
Several studies have been carried out to study the lateral-torsional buckling behaviour of hot-rolled steel 
members (Real et al., 2000, Bailey et al., 1996, Yin and Wang, 2003). Real et al. (2000) proposed an 
alternative design method that is incorporated in the current version of Eurocode 3 Part 1.2 (ECS, 2005). 
Further investigations revealed that these design guidelines give over-conservative results for loadings other 
than uniform bending and also gives unsafe results for some types of profiles (Real et al. 2004, 2006).  
Eurocode 3 Part 1.3 (ECS, 1996), BS5950 Part 5 (BSI, 1998) and AS/NZS 4600 (SA, 2005) provide 
design guidelines for cold-formed steel members at ambient temperature. These design guidelines may be 
used for cold–formed steel members at elevated temperatures by replacing the mechanical properties at 
 ambient temperature with the reduced mechanical properties at elevated temperatures. However, the accuracy 
of using these design guidelines for elevated temperatures in this way has to be verified. Eurocode 3 Part 1.2 
(ECS, 2005) and BS 5950 Part 8 (BSI, 1990) provide design guidelines for hot-rolled steel members at 
elevated temperatures. However, only Eurocode 3 Part 1.2 allows using the design guidelines developed 
based on hot-rolled steel members for cold-formed steel members at elevated temperatures despite the fact 
that the behavioural characteristics of hot-rolled steel and cold-formed steel members are different. Therefore 
it is the objective of this research to investigate the accuracy of the current design guidelines for lateral-
torsional buckling of cold-formed steel flexural members at elevated temperatures. This paper presents the 
details of a finite element model used to simulate the lateral torsional buckling behaviour of cold-formed 
steel lipped C-section beams under uniform moment conditions and elevated temperatures, and the results.  
2. DESIGN GUIDELINES FOR LATERAL-TORSIONAL BUCKLING 
2.1 Eurocode 3 Part 1.2 (ECS, 2005) 
Design rules given in Eurocode 3 Part 1.2 for hot-rolled steel are also applicable for cold-formed steel 
members within the scope of Eurocode 3 Part 1.3. The design method in Eurocode 3 Part 1.2 incorporates the 
yield strength and stiffness reduction factors in fire to account for their degradation of these properties at 
elevated temperatures. The design lateral-torsional buckling resistance moment of a laterally unrestrained 
beam is given by, 
 fiMyfTykWfiLTRdtfibM ,,,,,, γχ=  (1)  
W is the appropriate section modulus of the compression flange depending on the class of cross section 
(plastic, elastic or effective section modulus). For cold-formed steel members, W
 
should be taken as the 
effective section modulus (Weff ) according to Eurocode 3 Part 1.3. 
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The imperfection factor α  which depends on the yield strength of steel is given by, 
 yf23565.0=α  (4) 
This imperfection factor is based on the finite element analysis study of Real et al. (2000). 
 
The non-dimensional slenderness TLT ,λ  is given by, 
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effWLT =λ is the beam slenderness at ambient temperature (Eurocode 3 Part 1.3). Mo is the 
elastic critical moment of the gross cross section for lateral-torsional buckling about the relevant axis. ky,T and 
kE,T are the reduction factors for the yield strength and the modulus of elasticity of steel at the maximum 
temperature in the compression flange T reached at time t , respectively. 
 
2.2 Eurocode 3 Part 1.3 (ECS, 1996) 
The design buckling resistance moment of a member susceptible to lateral torsional buckling is given in 
Clause 6.3 as follows: 
 1, MybfeffWLTRdbM γχ=  (6)  
in which LTχ  is defined as follows: 
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effW and yf  in Equations 6 and 9 are the effective section modulus of the cross-section and the yield 
strength of steel, respectively. LTα  in Equation 8 is equal to 0.21. 
2.3 AS/NZS 4600 (SA, 2005) 
The nominal member moment capacity (Mb) of the laterally unbraced segments of singly, doubly, and 
point-symmetric sections subjected to lateral buckling is given by, 
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cZ  and fZ  are the effective section modulus calculated at a stress level ( )fZcM  in the extreme 
compression fibre, and the full unreduced section modulus for the extreme compression fibre, respectively. 
 
The critical moment (Mc) can be calculated as follows, 
For 60.0≤bλ  yMcM =  
For 336.160.0 << bλ  [ ]36210111.1 byMcM λ−=   (11)  
For 336.1≥bλ  
2
by
McM λ=  
where, 
oMyMb =λ  is the non-dimensional slenderness ratio. yffZyM =  is the moment causing initial 
yield at the extreme compression fiber of the full section. 
3. FINITE ELEMENT MODEL AND ANALYSIS  
A finite element model was developed to simulate cold-formed steel lipped C-section beams subjected to 
a uniform moment. A cold-formed steel channel cross section with a thickness of 1.9 mm and having the 
dimensions of lip, 15 mm, web depth, 110 mm and flange width, 40 mm was used in all the analyses. Its plate 
dimensions were chosen to eliminate the occurrence of local buckling. The steel grade was considered as 
G450 with a yield stress of 508 MPa and elasticity modulus of 206 GPa at ambient temperature. The 
reduction factors of these mechanical properties with increasing temperature are given in Table 1.  
 
Table 1: Yield strength and modulus of elasticity reduction factors and their ratios at different temperatures 
Temperature, oC 20 200 300 400 600 700 
ky,T 1.0000 1.0049 0.9531 0.7138 0.1111 0.0674 
kE,T  1.0000 0.8401 0.7192 0.5745 0.2453 0.1177 
ky,T/kE,T  1.0000 1.1962 1.3252 1.2424 0.4529 0.5724 
 Due to the symmetric loading and geometrical conditions of the beams, only half the span was modeled 
in order to reduce processing time and disk space (see Figure 1). In the development of finite element model, 
the nominal dimensions and imperfections, and ideal constraints were used. However, the yield strengths and 
modulus of elasticity values as measured at different temperatures were used in the analyses. The finite 
element model was created by using MD/PATRAN pre-processing facilities and the analysis of the model 
was carried out by submitting it to ABAQUS. The results were viewed using MD/PATRAN post-processing 
facility. Shell elements were used in the finite element model to provide sufficient degrees of freedom to 
explicitly model the buckling deformations and spread of plasticity. Therefore four noded shell elements 
(S4R5) were used in the elastic buckling and non-linear buckling analyses of lipped C-section beams. A 
typical finite element model is shown in Figure 1(c). A series of linear forces was applied to all the nodes at 
one end creating triangular distribution of forces across the section as shown in Figure 1(a). One half of the 
section is under tension while other half is under compression creating a uniform bending moment 
distribution throughout the beam. The idealized simply supported boundary conditions was applied at the 
support end providing “126” boundary condition to all the nodes at the support side of the beam (see Figure 
1(a)). It prevents in-plane and out-of-plane translations while allowing major and minor axis rotations. It also 
allows warping displacements but restricts twisting at the end. The boundary condition “345” was applied to 
all the nodes at the other end of the model representing symmetric plane (see Figure 1(b)). The degrees of 
freedom notations “1,2,3” correspond to translations in x, y, z directions while “4,5,6” represents the 
rotations about x, y and z axes, respectively.            
 
 
(a) Support end (b) Symmetric plane 
 
                    
(c) Isometric view of full model (d) Negative and positive geometric imperfections 
Figure 1: Finite element model of cold-formed steel lipped C-section beam 
3.1 Elastic Buckling Analysis 
A series of elastic buckling analysis was conducted for different lengths of simply supported cold-formed 
steel beams under different uniform temperatures. The elastic buckling moment results obtained from finite 
element analyses (FEA) were compared with the solutions obtained from the well known finite strip analysis 
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 program, Thin-Wall (Hancock and Papangelis, 1994) in Table 2. It can be seen that the difference between 
them is almost negligible and is always less than 1.5%. This confirms the accuracy of selected finite element 
type, mesh density, boundary conditions and the method used to apply the uniform moment distribution.  
 
Table 2: Comparison of elastic buckling moment capacities from FEA and Thin-Wall 
Elastic Buckling Moment, Mo, kNm     Length, m 
 
T, oC 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0 
FEA 10.339 4.951 2.955 2.010 1.488 1.167 0.955 0.695 
Thin-Wall 10.960 5.232 3.120 2.122 1.570 1.232 1.007 0.734 20 
% Dif. 1.004 0.688 0.590 0.578 0.539 0.574 0.517 0.567 
FEA 9.115 4.365 2.606 1.772 1.312 1.029 0.842 0.613 
Thin-Wall 9.205 4.395 2.621 1.782 1.319 1.035 0.846 0.616 200 
% Dif. 0.978 0.683 0.572 0.561 0.531 0.580 0.473 0.487 
FEA 7.804 3.737 2.231 1.517 1.123 0.881 0.721 0.525 
Thin-Wall 7.881 3.763 2.244 1.526 1.129 0.886 0.724 0.528 300 
% Dif. 0.977 0.691 0.579 0.590 0.531 0.564 0.414 0.568 
FEA 6.233 2.985 1.782 1.212 0.897 0.704 0.576 0.419 
Thin-Wall 6.295 3.006 1.793 1.219 0.902 0.708 0.579 0.421 400 
% Dif. 0.985 0.699 0.613 0.574 0.554 0.565 0.518 0.475 
FEA 2.662 1.275 0.761 0.518 0.383 0.301 0.246 0.179 
Thin-Wall 2.688 1.284 0.765 0.525 0.385 0.302 0.247 0.180 600 
% Dif. 0.967 0.701 0.523 1.333 0.519 0.331 0.405 0.556 
FEA 1.277 0.612 0.365 0.248 0.184 0.144 0.118 0.086 
Thin-Wall 1.290 0.616 0.367 0.250 0.185 0.145 0.118 0.086 700 
% Dif. 1.008 0.649 0.545 0.800 0.541 0.690 0.000 0.000 
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Figure 2: Variation of non-dimensional slenderness 
with different temperatures 
Figure 3: Non-linear finite element analysis results 
 
Variations of non-dimensional member slenderness, (My/Mo)0.5 (b in AS4600) obtained for the same 
beam with different lengths are plotted against increasing temperature in Figure 2. In the calculations, My is 
the first yield moment equal to yield stress (fy) x section modulus (Z) and Mo is the elastic buckling moment. 
It is interesting to note that the non-dimensional slenderness for a particular length which directly affects the 
moment capacity of beams subject to lateral-torsional buckling does not reduce as the temperature increases. 
Instead it increases up to 300oC and then reduces up to 600oC. Again it increases when temperature reaches 
700oC. This is due to the variation of the ratio of yield strength, fy,T  to modulus of elasticity, ET at elevated 
temperature, ie. the ratio of yield strength reduction factor (kyT=fy,T/fy,20) to modulus of elasticity reduction 
 factor (kET=ET/E20) (see Table 1). The non-dimensional member slenderness appears to follow the variation 
of kyT/kET ratio. As shown in Figure 2, the lowest non-dimensional slenderness occurs at 600oC, temperature 
which corresponds to the lowest value of kyT/kET ratio. 
3.2 Non-linear Analysis Results and Comparison with Provisions in Design Codes 
The developed finite element model of simply supported cold-formed steel lipped C-section was used in 
the non-linear analysis to obtain the flexural capacities of beams subjected to lateral-torsional buckling. 
Beams having a range of spans and subjected to different temperatures were analyzed. The selected 
temperatures are ambient temperature, 200, 300, 400, 500, 600, and 700oC while the beam span was varied 
from 1 to 6 m. In the non-linear analysis, nominal imperfections and residual stresses were included. The 
buckling mode obtained from the elastic buckling analysis was used to input the initial imperfection in the 
non-linear analysis. In the case of lateral-torsional buckling mode a maximum initial imperfection of L/1000 
in the form of a half sine curve was used. It was found that the finite element analysis with negative 
imperfections yields the lowest failure moments compared to positive imperfection (see Figure 1(d)). 
Therefore negative imperfections were used in all the non-linear anlysis. A similar observation was made by 
Pi et al. (1997) in their research on lateral-distortional buckling of channel section beams.  Flexural residual 
stress distribution was assumed to be constant at 0.17fy along the flanges and webs and 0.08fy along the lip, 
respectively, based on Schafer and Pekoz (1998) and Ranawaka (2006). Residual stresses distribute linearly 
across the thickness with compression on the inside surface and tension on the outside surface of the section. 
Figure 3 displays the results obtained from non-linear analysis for different lengths of beams under 
various temperatures. Non-dimensionalised lateral-torsional buckling moment capacity (i.e. Mb/My) is plotted 
against the length of beams for various elevated temperatures. The maximum non-dimensionalised lateral-
torsional buckling capacity is achieved at 600oC which has the lowest kyT/kET ratio while the minimum non-
dimensionalised lateral-torsional buckling capacity is achieved at 300oC which has the highest kyT/kET ratio. It 
can be said that for a particular length the flexural capacity achievable relative to the section moment 
capacity is dependent on the kyT/kET ratio. 
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Figure 4: Comparison of FEA results with Eurocode 3 Part 1.2 (ECS, 2005) 
 
Figure 4 shows the comparison of the results obtained for different temperatures with the beam design 
curve obtained from the fire design code, Eurocode 3 Part 1.2. Eurocode 3 Part 1.2 predicts the buckling 
moment capacity accurately for beams with higher slenderness (i.e. (My/Mo)0.51.5). For intermediate 
slenderness values, (My/Mo)0.5<1.5, Eurocode 3 Part 1.2 predictions are over-conservative with a maximum 
difference of approximately 15%. Reason for the over-conservative results can be attributed to the different 
residual stresses distributions and the use of negative imperfections in the case of cold-formed steel mono-
symmetric beams compared to hot-rolled steel I beams based on which Eurocode 3 Part 1.2 design guidelines 
were developed. In addition to being over-conservative for intermediate slenderness values, it can be seen 
that code predictions for very short beams having very low slenderness values cannot reach the full moment 
capacity, which leads to uneconomical design even for hot-rolled steel members.  
 Results obtained from finite element analyses are compared with the beam design curve obtained from 
the cold-formed steel design code for ambient temperature, Eurocode 3 Part 1.3 (ECS, 1996) in Figure 5. It 
appears that Eurocode 3 Part 1.3 accurately predicts the flexural capacities for beams having low slenderness, 
(My/Mo)0.5<1.5 while its predictions are slightly unsafe for higher slenderness values ((My/Mo)0.51.5. In the 
latter region, the results for 600 and 700oC appear to be the data that are mostly unsafe due to lower kyT/kET 
ratios at these two temperatures (see Table 1). 
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Figure 5: Comparison of FEA results with Eurocode 3 Part 1.3 (ECS, 1996) 
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Figure 6: Comparison of FEA results with AS/NZS4600 (SA, 2005) 
 
Figure 6 shows the comparison of finite element analysis results with the beam design curve obtained 
from ambient temperature code provisions for cold-formed steel structures given in AS/NZS4600. It is 
interesting to note that AS/NZS4600 predictions for beams undergoing uniform bending appears to be unsafe 
even for ambient temperature. It is also not suitable for designing cold-formed steel flexural members at 
elevated temperatures by simply replacing the ambient temperature material properties with elevated 
temperature mechanical properties.  
Therefore none of the code provisions are suitable for designing cold-formed steel flexural members 
subjected lateral-torsional buckling. This highlights the necessity to develop new design guidelines for cold-
formed steel beams subject to lateral-torsional buckling in fire situations. Further research based on both 
large scale fire experiments and finite element analyses is currently under way at the Queensland University 
of Technology.  
4. CONCLUSION 
This paper has described a finite element model developed to simulate the lateral-torsional buckling 
behaviour of cold-formed steel lipped C-section beams under uniform bending moment conditions. The 
 model was found to be accurate in predicting the elastic buckling moments with a difference of not more than 
1.5% when compared with the results obtained from the well known finite strip analysis program, Thin-Wall. 
The suitability of design provisions given in the fire design code, Eurocode 3 Part 1.2, and ambient 
temperature design codes, Eurocode 3 Part 1.3 and AS/NZS4600 for lateral-torsional buckling moment 
capacity was investigated using the developed finite element model. It seems that neither design codes 
predict the moment capacities of cold-formed steel beams subject to lateral torsional buckling accurately. 
Hence it is recommended that further experimental and numerical research is needed to develop new design 
guidelines for lateral-torsional buckling of cold-formed steel beams under fire conditions. 
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